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ABSTRACT
Purification and Pyrolysis of Bacterial Cellulose from Kombucha Pellicle (August 2020)
Deping Wang, B.S., Qingdao University of Science & Technology
Chair of Advisory Committee : Dr.Ananda S. Amarasekara

Kombucha SCOBY pellicle formed as a waste product in the kombucha tea
fermentation industry can be used as a potential source for bacterial cellulose. The research
compared four simple, scalable purification methods for the purification of this jelly-like
cellulosic matrix containing bacteria, yeast cells, proteins, and polyphenols as impurities.
The method using two successive 1.0 M NaOH washing at 90 °C, followed by the treatment
of 1.5 % (w/w) aq. NaOCl for 2h was the most effective method and gave the purified
cellulose sample the highest Leucometer whiteness value of 81.4±4.8. The purified
cellulose samples were analyzed by FT-IR, TGA, SEM, EDS, and water absorption at room
temperature. After purified, the cellulose samples were pyrolyzed, and graphene oxide was
directly produced at 600 to 800 °C. The pyrolysis samples were analyzed by FT-IR, SEM,
RAMAN, and ZETA potential.

NOMENCLATURE

SCOBY

Symbiotic Culture Of Bacteria and Yeast

Bacterial Cellulose

Organic Compound Produced By Certain Types of Bacteria

H202

Hydrogen Peroxide

NaOCl

Sodium HypochJorite

Graphene Oxide

Oxidized Form of Graphene, Laced With Oxygen-Containing

Groups
FT-IR

Fourier-Transform Infrared Spectroscopy

SEM

Scanning Electron Microscope

RAMAN

Raman Spectroscopy

ZETA

Zeta Potential is the Electrical Potential at the Slipping Plane

TOA

Thermogravimetric Analysis

EDS

Energy-Dispersive X-ray Spectroscopy

GC-MS

Gas Chromatography-Mass Spectrometry

XPS

X-ray Photoelectron Spectroscopy

TC!

Total Crystallinity lndex(TCI) measured using FT-IR: TCl=
(absorption At 1373 cm- l )/(absorption at 2900 cm- I)
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1. INTRODUCTION

Kombucha is the common name given to a fennented lightly alcoholic beverage
prepared using sweetened black or green tea. Sometimes the beverage is called kombucha
tea as well to differentiate from the bacteria and yeast culture used in the fermentation
process. This centuries-old beverage is believed to have been originated in northeastern
China. The current broad attention in this classical beverage is due to renewed interest in
supposedly health benefits has resulted in a number of commercial-scale productions and
a home brewing renaissance [I] [2].
The Kornbucha culture is composed of a symbiotic growth of acid-producing
bacteria and osmophilic yeast pecies in a zoogleal mat. During the kombucha tea
fennentation , a gelatinous, cellulose-based bio:film or a pellicle is formed at the air-liquid
interface. This biofilm is a Symbiotic Culture of Bacteria and Yeast (SCOBY) and also
commonly known as a tea mushroom. The microbial populations in a SCOBY may vary
but generally include Acetobacter bacterial specie , various Saccharomyces and several
other types of yeasts (3). Within this culture, anaerobic ethanol fermentation by yeast
organic acid fermentation, and aerobic ethanol oxidation to acetate through bacteria can all
take place concurrently along an oxygen gradient. Also, Acetobacter may well polymerize
glucose residues forming a bacterial cellulose mat supporting the microbial culture [3] [4 ).

In recent years, with the surge of the kombucha beverage industry, some research
groups around the globe have studied the microbial culture and composition of the

This thesis follows the style of the Carbohydrate Chemistry Journal.
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fermented liquid as well as the bacterial biofilin at the water-air interface. The major
components of the fermented media are gluconic, acetic, lactic acids, and ethanol; also,
minor amounts of proteins, tea polyphenols, minerals, and vitamins (B 1,2,6 and C) are
reported [5]. The pellicle formed at the air-liquid interface is mainly cellulose. Similar
bacterial cellulose forms were known for several decades and are traditionally isolated
from nata de coco, a gelatinous southeast Asian dessert made from coconut water [6]. In
this preparation, coconut water serves as the carbon source for bacteria Acetobacter xylem
and is later converted to extracellular cellulose[6]. In comparison with plant cellulose,
microfibrils of bacterial cellulose are generally about 100 times smaller than in plant
cellulose, and th.is fine structure leads to some appealing properties of bacterial cellulose,
such as high water absorption capacity and strength [7] [8]. Also, the well-arranged threedimensional nano-fiber networks in bacterial celluloses result in the fonnation of hydro gel
sheets with high surface area, abundant surface hydroxyl groups, high porosity, and good
chemical-modifying capacity [9] [10]. As a result, bacterial cellulose is found in numerous
applications such as wound dressing[ll] [12], a raw material for food and as food
packaging [13], bioreactor, bio-processing [14), optoelectronics [ 15], polymer electrolyte
membranes [ 16], and many medical applications such as implants and scaffolds for tissue
engineering of cartilage as well as carriers for drug delivery [17] [18] [ 19].
Interest in processing cellulosic biomass for renewable fuels and chemical
feedstock applications has led to this study of the kombucha pellicle formed as a waste
product in the growing kombucha beverage industry as a potential new source of bacterial
cellulose (20] [21] [22], In this study, the researches the probable industrially scalable
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methods for the purification of kombucha pellicle to produce bacterial cellulose. In this
study, a comparison of four simple methods and identification of the best conditions for
the purification of bacterial cellulose formed as a waste product in the kombucha tea
industry is presented.
After purification, the research pyrolyzed the samples under 600-800 degree and
found a new way to produce graphene oxide from bacterial cellulose kombucha.

4

2. LITERATURE REVIEW

The bulk material spontaneously disperses in basic solutions or can be dispersed by
sonication in polar solvents to yield monomolecular sheets, known as graphene oxide, by
analogy to graphene, the single-layer form of graphite[23] .Graphene oxide sheets have
been used to prepare strong paper-like materials, membranes, thin films, and composite
materials. Initially, graphene oxide attracted substantial interest as a possible intermediate
for the manufacture of graphene. The graphene obtained by the reduction of graphene oxide
still has many chemical and structural defects, which are a problem for some applications
but an advantage for some others[24].
Graphene was isolated and characterized by Andre Geim and Konstantin Novoselov
at the University of Manchester in 2004 [25]. Its special properties have attracted mass
attention across the world. Graphene is a million times thinner than a human hair but 200
times stronger than steel, even harder than a diamond but very flexible [26). It has a
Crystalline allotrope of carbon with a 2-dimensionaJ structure; carbon atoms are tightly
packed in a regular hexagonal pattern. Each atom has four bonds, one cr bond with each of
its three neighbors and one n-bond that is oriented out of the plane [27). Graphene stability
is due to its tightly packed carbon atom sp2 orbital hybridization a combination of orbitals
s, px, and py that constitute the a-bond. The Pz electron makes up then-bond [28]. Thenbonds hybridize together to form the n-band and 7t*-bands. These bands are formed for
most of graphene notable electronic properties, via the half-filled band that allowed the
electrons to free-moving.
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Due to special graphene 2-D and zero-overlap semimetal structure, it has some
super electronic properties [29], one of the best electrical conductors on Earth. The unique
carbon-carbon atomic arrangement makes its electrons move very easily with less
resistance. During the past decades, scientists have been trying to find the roomtemperature superconductors. Most of the superconductors products only work at very very
low temperature, but a two-layer of atom-thick graphene can form a room temperature
superconductor when this two-layer is offset by an angle of 1.1 °[30]. The most recent
discovery found that the triplet layer of graphene also shows the sign of superconductivity
[31]. Most of the extraordinary features of graphene come from the combination of its
dimensionality and its very special electronic band structure where the electrons mimic
relativistic particles [32].
Graphene is the strongest material ever tested [26]; it is also very flexible [33]. The
single layer of graphene mechanical properties Young's modulus has been investigated
[34]. it has an extremely high Young's modulus of approximately I TPa. The few-layer
graphene also was tested with force-displacement measurements through atomic force
microscopy (AFM) on a ribbon of graphene suspended over a ditch [35]. It has been
reported that graphene Young's modulus is 1.0 TPA and has a fracture strength of 130 0Pa.
This 2-D graphene material is just beginning for the next century application. Right now,
it is just the tip ofthe iceberg. All ofthese special properties give graphene an incomparable
advantage over other materials for different applications. Therefore, there is a need for
mass production for the industry and commercial applications. Several preparations have
been reported to make graphene.
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During the first time, graphene was made simply by tape, whlch led to Novoselov
being awarded the Nobel Prize [36]. But this simplest method was only for lab experiments
and not possible for scaling up the process. Chemical vapor deposition is the most useful
method to prepare single-layer graphene for use in different devices [37]. Heating silicon
carbide to high temperatures under low pressure reduces it to graphene [38]. There are
many different types of CVD methods, plasma-enhanced CVD, thennal CVD, and hot/cold
wall CVD [39].
Liquid phase exfoliation is also one of the promising methods for up-class graphene
production; It needs three steps: dispersion in a solvent, such as NMP [40], exfoliation, and
purification. But the use of solvent will increase the cost, and the process itself will not be
environment friendly.
The electrochemical exfoliation method is the process of the cathodic reaction to
the graphite-based electrode to obtain the graphene. This is the production method to get
high-quality multi-layers graphene [41]. The advantage of this method is that the process
is simple and easy to operate, only a single step. But it also used the ionic liquids, which
are expensive and may limit its application.
The chemical reduction of graphene oxide is another method to make graphene
[42]. By using a suitable reducing agent like hydrazine, hydroquinone [43], the graphene
oxide could reduce chemical reduction and form the high-efficiency graphene.
Graphite oxide, formerly called graphitic oxide or graphitic acid, is a compound of
carbon, oxygen, and hydrogen in variable ratio. Obtained by treating graphite with strong
oxidizers. The maximally oxidized bulk product is a yellow solid with a C:O ratio between
2.1 and 2. 9, which retains the layer structure of graphite but with much larger and irregular
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spacing[44]. Graphene oxide has been used to make strong, and thin materials, and it is
also possible the intermediate for the manufacture of graphene [45]. Graphene oxide is
usually produced through Hummer's method by employing a mixture of NaN03, K.MnO4
and Concentrate H2SO4 [46].
This research shows another way to make graphene oxide through bacterial
cellulose. The kombucha SCOBY was first purified and bleached to clean the bacterial
cellulose, then dried it and pyrolyzed over 600 degrees. The bacterial cellulose will transfer
to Furoin around 400 degrees; then, the Furoin will continue polymerized to graphene
oxide.

8

3. EXPERIMENTAL PROCEDURE
3.1 Materials and Instrumentation
The starting kombucha SCOBY was purchased from www.poseymom.com. Lipton
black tea (100 tea bags) total 226 g was purchased from the local grocery store. Sodium
hydroxide (>99%), sucrose (>99%), sodium hypochlorite solution (6%), and hydrogen
peroxide (3%) were purchased from Aldrich Chemical Co. Attenuated total reflection
infrared (ATR-IR) spectra of celJulose films were recorded in the 650-4000 cm- 1 range
on a Smiths IdentifyIR spectrometer with a diamond ATR (Danbury, CT, USA).
Thermogravimetric analysis was carried out in air using a Perkin Elmer Diamond TG/DTA,
High Temp 115. The mass of the thin film piece used for a T .G. scan was approximately
l 0 mg, and platinum crucibles were used in all experiments. The T.G. curves were recorded
in the 25-600 °C temperature range using a scanning rate of 20 °C/min. Cellulose film
thickness was measured using a Pittsburgh Instruments Digital Micrometer model 895.
The Whiteness of purified cellulose films was measured using Landtek GM-6
Leucometer. Scanning electron microscopy (SEM) and Energy Dispersive X-ray
Spectroscopy (EDS) analyses were performed using an equipment JEOL JSM-601 OLA,
using InTouchScope software. The backscattered electron images were collected using an
accelerating voltage of 10kY and a load current ~ 90 µA with a working distance of 9 mm.
EDS spectra were gathered at a magnification of 500X, and the analyzed area was 0.15
mm2 (1 l0µm x 135µm). Qualitative and quantification elemental composition were
performed with the characteristic x-ray using a silicon-drift detector. The semiquantification is based on the theoretical correction of the ZAF effect.
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The pyrosis equipment is Lindberg Blue M; the max temperature is 1100 °C. The
purified samples were cut into small pieces about 100mg, and put into the high-temperature
resistance glass tube and heated from room temperature to 600 °C, 700°C, 800°C
separately and with and without N2 protection.
Raman Spectroscopy analysis uses Thermo DXR2 Smart Raman spectrometer, with
785 run H.P. laser, full-range grating, and 180-degree sampling accessory.
Raman spectroscopy is broadly used for the specification of carbon product, to determine
the conjugated and double C-C bonds. The different temperature pyrosis samples
(600/700/800°C with/without N2) were ground and put into the clip plate and check in the
Raman spectrometer.
X-Ray Crystallography uses the X-ray instrument Power Davinci Bruker D8-Focus
Bragg-Brentano X-ray Powder Diffractometer. The sample was placed in the sample
holder of a two circle goniometer, enclosed in a radiation safety enclosure. The X-ray
source was a 1kW Cu X-ray tube, maintained at an operating current of 40 kV and 25 mA.
The X-ray optics device was the standard Bragg-Brentano para-focusing mode with the Xray diverging from a D.S. slot (1mm) at the tube to strike the sample and then converging
at a position-sensitive X-ray Detector (Lynx-Eye, Bruker-AXS). The two-circle 218mm
diameter goniometer was computer-controlled with independent stepper motors and optical
encoders for the circle with the smallest angular step size of 0.00012. The software suite
for data collection and evaluation is windows based. Data collection is an automated
COMMANDER program by employing a DQL file. Data is analyzed by the program EV A.
X-ray experimental parameters for the kombucha pellicle:
Wavelength

t .54060A
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Detector

PSD (Lynx-Eye Bruker AXS)

Anti-scatter Slit

12.530mm

Divergence Slit

1.00mm

Anti-air-scatter Knife-edge
Scan type

Coupled theta/2theta

Goniometer radius
Start

3.0

End

60.0

Step Size

217.5mm

0.015

Total Scan Time

30mins

Zeta potential is a scientific expression for electrokinetic potential; it is the electric
potential in the interfacial double layer at the location of the slipping plane relative to a
point in the bulk fluid away from the interface. lt is the potential difference between the
dispersion medium and stationary layer of fluid attached to the dispersed particle. The zeta
potential is a key indicator of the stability of colloidal dispersions. T he magnitude of the
zeta potential indicates the degree of electrostatic repulsion between adjacent, similarly
charged particles in a dispersion. The different temperature pyrosis kombucha residues
(600/700/800°C) were grounded using an ultrasonic mixer to mix into a 0.1 % KCI solution.
The mixer was left room temperature for 24 hours before testing. The Zeta Si.ter Nano
series instrument was used to check each solution.
GC-MS analysis of the pyrosis residues under 200/300/400/500 degrees and check the
formula structure changed when temperature over 400 degrees.
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3.2. Preparation of the Kombucha Pellicle

Tea was brewed by using Lipton black tea ( 11.3 g, five tea bags) and 1.0 L of
boiling water and allowed to stand for 20 min. The teabags were then removed, sucrose
( I 00 g, 0.292 mmol) was dissolved in tea and allowed to cool to 37 °C, and kombucha
SCOBY was added. The sweetened tea with SCOBY was then covered with a cotton cloth
and allowed to stand in a dark cupboard for 10 days. Then the new kombucha pell icle
formed at the air-water interface was carefully removed, washed with deionized water
(2x500 mL), and pat dried with Kleenex tissues and used for the purification experiments.
3.3. Purification of the Bacterial CeUulose in Kombucha Pellicle

The kombucha pellicle was cut into four approximately equal in size quarters and
labeled as A, 8, C, and D and purified using four different methods.
3.3. 1. Purification of kombucba pellicle portion A. Kombucha pellicle portion

A was placed in 50 mL of 1.0 M aqueous sodium hydroxide solution and allowed to stand
at room temperature (23 °C) for 1.0 b. Then it was removed from the sodium hydroxide
solution and washed with deionized water (6x500 ml ), patted dry with Kleenex tissues,
and weighed. The pellicle portion was then placed in a second 50 mL of 1.0 M aqueous
sodiwn hydroxide bath and allowed to stand at room temperature (23 °C) for 1.0 h. washed
with deionized water, dried and weighed as in the earlier treatment. Next, the pellicle
portion A was placed in 50 mL of 1.5 % (w/w) aqueous hydrogen peroxide, allowed to
stand at room temperature (23 °C) for 2.0 h. Then it was removed from the hydrogen
peroxide bath and washed with deionized water (6x500 mL), patted dry with Kleenex
tissues, and weighed. Finally, the pellicle portion A was transferred to a watch glass and
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dri d in an oven at 50 °C for 20 h. and weighed. The weights after each treatment are shown
in Table 1.

TABLEl
Weights of Kombucha Pel/icle Portions A, B, C and D at Various Stages of Purification
Sample Initial
weight
(g)

A
B
C

D

40. l l
41.77
39.62
44.37

After,

After,

After,

I.OM

I.OM

I.OM

aOH,
aOH, NaOH,
23 °C, 90 °C, 23 oc,
1.0 h . 1.0 h. 2.0 h.
(g)
(g)
(g)
43.86
47.15

-

-

42.93
47.48

-

46.38
48.77
-

-

Dry
After,
After
1.5 % 1.5 % weight
(g)
NaOH, (w/w)
(w/w)
aOCl,
90 oc, H202,
2.0 h. 23 oc, 23 oc,
(g)
1.0 h. 1.0
h.

After,

I.OM

44.89
50.32

(g)

(g)

46.65

-

-

48.19
47.67

44.76

-

1.10
1.52
1.06
1.54

3.3.2. Purification of Kombucba Pellicle Portion B. Kombucha pellicle portion
B was placed in 50 mL of 1.0 M aqueous sodium hydroxide solution and allowed to stand
at room temperature (23 °C) for 1.0 h. Then it was removed from the sodium hydroxide
solution and washed with deionized water (6x500 mL) patted dry with Kleenex tissues
and weighed . The pellicle portion was then placed in a second 50 mL of 1.0 M aqueous
sodium hydroxide bath and allowed to stand at room temperature (23 °C) for 1.0 h, washed
with deionized water, dried and weighed as in the earlier treatment.

ext, the pellicle

portion B was placed in 50 mL of 1.5 % (w/w) aqueous sodium hypochlorite and allowed
to stand at room temperature (23 °C) for 2.0 h. Then it was removed from the odium
hypochlorite bath and washed with deionized water (6x500 mL) patted dry with Kleenex
tissues, and weighed. Finally, the pellicle portion B was transferred to a watch glass and
dried in an oven at 50 °C for 20 h. and weighed. The weights after each treatment are shown
in Table 1 as tated earlier.
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3.3.3. Purification of kombucba pellicle portion C. Kombucha pellicle portion C
was placed in 50 mL of 1.0 M aqueous sodium hydroxide solution thermostated at 90 °C
for 1.0 h. Then it was removed from the sodium hydroxide solution and washed with
deionized water (6x500 mL), patted dry with Kleenex tissues, and weighed. The pellicle
portion was then placed in a second 50 mL of 1.0 M aqueous sodium hydroxide bath
thermostated at 90 °C, allowed to stand for 1.0 h, washed with deionized water, dried and
weighed as in the earlier treatment. Next, the pellicle portion C was placed in 50 mL of 1.5

% (w/w) aqueous hydrogen peroxide and a11owed to stand at room temperature (23 °C) for
2.0 h. Then it was removed from the hydrogen peroxide bath and washed with deionized
water (6x500 mL), pat dried with Kleenex tissues, and weighed. Finally, the pellicle portion
C was transferred to watch glass and dried in an oven at 50 °C for 20 h. and weighed. The
weights after each treatment are shown in Table l.

3.3.4. Purification of kombucha pellicle portion D. Kombucha pellicle portion
D was placed in 50 mL of 1.0 M aqueous sodium hydroxide solution thermostated at 90
°C for 1.0 h. Then it was removed from the sodium hydroxide solution and washed with
deionized water (6x500 mL), patted dry with Kleenex tissues, and weighed. The pellicle
portion was then placed in a second 50 mL of 1.0 M aqueous sodium hydroxide bath
thermostated at 90 °C, allowed to stand for 1.0 h and washed with deionized water, dried,
and weighed as in the earlier treatment. Next, the pellicle portion D was placed in 50 mL
of 1.5 % (w/w) aqueous sodium hypochlorite, and allowed to stand at room temperature
(23 °C) for 2.0 h. Then it was removed from the sodium hypochlorite bath and washed with
deionized water (6x500 mL), patted dry with Kleenex tissues, and weighed. Finally, the
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pellicle portion D was transferred to a watch glass and dried in an oven at 50 °C for 20 h.
and weighed. The weights after each treatment are shown in Table l.
3.4. Analysis of purified kombucha pellicle portions A, B, C and D.

The dried kombucha pellicle portions A, B, C, and D were analyzed by FT-lR,
TOA, and SEM. The thickness of films was measured using a digital micrometer, and the
Whiteness was measured using a Landtek GM-6 Leucometer. The water absorption of
purified, dried-kombucha pellicle portions A B, C, and D were measured by immersing a
weighed portion of dried kombucba film (~ 100 mg) in deionized water and weighing the
water absorbed sample at different time intervals after pat drying the fihn portion with
Kleenex tissues. The leucometer whiteness readings, films thickness and the total
crystallinity index are shown in Table 2.
TABLE2

Leucometer Whiteness Readings, Film Thickness, And Total Crystallinity Index (TCI) of
Purified Kombucha Cellulose Samples A, B, C, and D.
a Average of five readings in each determination
b Total Crystallinity [ndex (TCI) was measured using FT-IR spectroscopy, and the
formula: TCI = (absorption at l373 cm-I)/( absorption at 2900 cm-1) (47). FT-IR spectra
of samples are in the supplementary material
Sample Leucometer
whitene s
readings
A
23.8± 1.6
B
36.3± 1.5
C
36.4±2.3
D
81.4±4.8

Thickne s
(mm)
0.42±0.06
0.41±0.04
0.33±0.08
0.27±0.02

Total
Crystallinity
Index (TCI)b
3.852
2.900
2.931
2.750
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The urface

M result are shown in able 3.

TABLE3

Surface

.. 0,

Kombucha

a and

I Elememal Aanaly is % (wl¼~ Composition Data of Purified

ellu/o e ample A. B.

and D From Energy Di :persive -ray Spectro copy

(EDS) ( H atoms ar not observed in EDS)

Sample

C
28.08
27.25
33.26
28.28

A

B
C

D

0
49.01
48.53
48.47
53.24

Na
22.91

Cl

23.29
18.27
28.00

0.93

0.48

3.5. P rolyzed Kombucha Pellicle Portion D.

he dried kombucha pcllicle portion D w r pyrolyzed by Lindberg Blue M
under 600 700 800 degree with and with ut

2 prot tioo eparately for IO minute . After

pyrolyzed the weight remain percent are different.
pyr sis th r idu

nder the protection of

2, after

weighted i higher than without 2. The pyrolyzecl kombucha p Biele

p rt ions r ult with and with ut

2 at cfj fferent temperature are hown in Table 4.

TABLE4

P rolyzed the Weight Remain Percent Under 600, 700, 00 ° With
Temp °C

without N2
with N2

600°C
10.69%
22.51%

.6. Zeta PoteotiaJ AnaJ

100 °c
9.25%
15.05%

2 and Without

800 °C
5.66%
15.20%

is for the Pyrolyzed Kombucba Pellicle Potion

2
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The high temperature pyrolyzed pellicle has high zeta potential, that has more
electrically stabilized than the low temperature pyrolyzed pellicle. The different
temperature pyrolyzed pellicles Zeta potential result are shown in Table 5.

TABLES
Zeta Potential Result for Different Temperature Pyrolyzed
Zeta potential
Without N2
with N2

mV

600 °C
-523
-459

700 °C
-400
-456

800 °C
-431
-364

3.7. Raman Analysis For the Pyrolyzed Kombucha Pellicle Portions
The pyrosis residues 600/700/S00degree with

2 protection and without N2

protection were analyzed by the Thenno DX.R2 SmartRaman spectrometer. The residues
were grounded and then forming a disk of the residues by applying little hand pressure.
Then put the disk into the Raman equipment and run the sample separately. See Figures 1,
2, 3, 4, 5, and 6.
Thu Nov 21 1211:27 2019 (GMf.0000)

600 °C with N2
700

600

300
200

Figure 1. Raman Result For the 600 °C Pyrolyzed Remains With

2.

17
New 2 1

10:◄ 1 : 53

2018 (GMT-08.00)

2000

600 °C without N2

800
◄00

200

o...___ _ _3000
-,------,2,.,.,600
=-- - -=2000~- ---==-- .
,soo
:-:-:-,-- -- =1000~- - - - ~ ~ - . . . . --i
-.-ahill(cm-1)
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3.8. XPS Spectrum of Carbon ls Region of 800 °C Pyrolyzed Kombucha Pellicle
Portions D
The XPS pectrum and the fitted curve form 800 °C; pyrolysis product under Ar
atmosphere is shown in figure The fitted curve is composed of four peaks, and these peaks
can be assigned to different types of carbon atoms present in the pyrolysis product by
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comparison of the peak position with published values of graphene oxide materials
otice Figures 7 and 8.

prepared form oxidation of graphite (Stobinski, Lesiak al. 2014 ).

500

284.54 eV

400

Relative
Intensity

285. 8 eV

300

200

100

30

29
29
28
28
.----==--B-in-d-in=g=-E-n-e-rg-y----=-=----.1

28

Figure 7. The XPS Spectrum and the Fitted Curve Form 800 °C
The fitted peak at 284.54 eV is assigned to C-

type p3 carbons as well as C=C type sp2

carbons. The 285.98 eV peak is assigned to C-O. The 287.86 eV peak was assigned to

C=O. The 289.49 eV wa a signed to -O-C=O type carbons.
3.9. X-ray Diffraction Analysis for the Pyrolyzed Kombucha Pellicle Portions D
X-ray diffraction analysi clearly show that the pyrolyzed kombucha pellicle
portion has two typical peak at 13 and 41 shift area which the graphene oxide hould
have. See the figure 8 two typical peaks which graphene oxide should have.
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Figure 8. X-ray Diffraction Analysis For the Pyrolyzed Kombucha Pellicle

3.10. GC-MS Analysis For the Pyrolyzed Kombucha Pellicle Portions D
At 400-degrees, pyrolysis product was extracted to CH2Cl2, and the organic

extract was analyzed using GC-MS to identify the intermediates formed in the process.
Around this temperature, two organic compounds were found - Furoin and 2Furancarboxylic acid. See the Figure 9 and Figure I 0.

Figure 9. GC-MS Analysis for the Pyrolyzed Kombucha Pellicle--Furoin
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Figure 10. GC-MS Analysis for the Pyrolyzed Kombucha Pellicle--2-Furancarboxylic
acid.
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4. RESULTS AND DISCUSSION
4.1 . Purification of kombucha Pcllicle Portions A, B, C and D

Kombucba pellicle portions A, B, C, and D were purified using four different
methods. The samples A and B were washed with 1.0 M aq. Sodium hydroxide at room
temperature, whereas C and D were washed with the same sodium hydroxide at 90 °C for
a similar time. The sodium hydroxide wash was used to remove bacteria and yeast cells, as
well as proteins, tannins, and polyphenols that may be present in minor amounts in the
kombucha pellicle. Then A and C were subjected to hydrogen peroxide treatments, and B
and D were subjected to sodium hypochlorite treatments for removing colored impurities.
The weights of pellicle portions A, B, C, and D at various stages of purification are shown
in Table I.
All samples showed gains in wet weights during sodium hydroxide washings, and
this may be due to the opening of pores in cellulose structure due to sodium hydroxide
washings. allowing more water absorptions, as well as surface absorption of sodium ions.
The dry weights of cellulose samples after purification are shown in the last column of
Table l . The hydrogen peroxide treated samples A and C showed much lower dry weights
in comparison to the sodium hypocWorite treated samples B and D; this may probably be
due to the oxidation of some cellulose with hydrogen peroxide and degradation of the
polymer (Zeronian and lnglesby 1995). Photographs of purified kombucha cellulose
samples A, B, C, and D are shown in Figures 11 through 14. Sample A showed the darkest
color of all samples with B and C showing a similar light yellowish-brown color. Sample
D was the lightest in color of all portions. See the Figure 11 .
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Figure 11. Photographs of Purified Kombucha Cellulose Samples A, B, C, and D.

The Percent Water Absorption of Purified Kombucha Cellulose show the pellicle will
quickly absorb the water to reach it fuJl capacity within 4 hours. See the Figure 12.
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Figure 12. The Percent Water Absorption (w/w) of Purified Kombucha Cellulo
Samples A, B, C and D at Room Temperature (23 °C)
The th nnogravimetric analysi show that the purified kombucha cellulos
sample has the ame feature as plant cellulo e, but the kombucha cellulose re idues i
much higher than plant cellulose. See the Figure 13 and Figure 14.

600
Temperature ( 0 C)

Figure. 13. Thermogravimetric Analysis (TGA) Curves of Purified Kombucha
Cellulo e Sample A, B C, and D
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A

B

Figure 14. SEM Images of Purified Kombucha Cellulose Samples A, B, C. and D

4.2. Analysis of Purified Kombucba Cellulose Samples A, 8, C and D

The Leucometer whiteness readings, film th.ick.ness, and Total Crystallinity Index
(TC[) of purified kombucha cellulose sample A, 8, C, and Dare in Table 2. The sample D
purified using sodium hydroxide solution at 90 °C and sodium hypochlorite treatment
showed the highest Whiteness of 81.4±4.8. This is in agreement with pictures shown in
Figure 2 as well. Sample A purified using sodium hydroxide solution at room temperature
and hydrogen peroxide treatment resulted in the lowest Whiteness of 23.8± 1.6 and the
darkest sample as in the picture. In addition, the samples washed with sodium hydroxide
at 90 °C (C and D) appear to be much thinner than samples washed with sodium hydroxide
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at room temperature. The total crystalline index (TCI) of all purified samples were
calculated using FT-IR spectra as described by Kruer-Zerhus et al. in their work on similar
bacterial cellulose samples (Kruer-Zerhusen et al. 2018). The FT-IR spectra are included
in the supplementary material, and TCI values were calculated using the formula: TCI

=

(absorption at 1373 cm-1)/( absorption at 2900 cm-1) (Kruer-Zerhusen et al. 2018). The
whitest sample D showed the lowest crystallinity index of 2.750, whereas the darkest
sample A showed the highest crystallinity index of 3.852. This is most likely indicating
that strong conditions, 1.0 M aq. Sodium hydroxide at 90 °C and 1.5% sodium hypochlorite
treatment used in the purification of sample D can cause a reduction in the crystallinity of
the cellulose as well.
The percent water absorption (w/w) of purified kombucha cellulose samples A, B,
C, and D at room temperature are shown in Figure 2. All purified cellulose samples reached
their maximum water absorption capacities after about 4h. The highest water absorption of
247% was seen for sample A, and the lowest percentage of 103% was seen for sample D.
This is the reversed trend of Whiteness in the sample; in other words, the highly purified
sample showed the lowest water absorption capacity. This may be explained as an increase
in water absorption in cellulose as a result of impurities present in the cellulose sample.
Furthermore, it is interesting to note that the samples B and C showing similar whiteness
readings appears to have similar water absorption capacities.
The thermogravimetric analysis (TOA) curves of purified kombucha cellulose
samples A, B, C, and D are shown in Figure 3. All samples showed a rapid decomposition
and major weight losses around 270-280 °C range. The most purified (highest Whiteness)
sample D showed the lowest residue left at 600 °C of about 43%, whereas the least purified
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(lowest Whiteness) sample D showed the highest residue of about 55% at 600 °C. This
again indicates the inadequate purification in A, in which the impurities may have
contributed to the formation of a higher amount of un-bumt chars at 600 °C.
The SEM images of purified kombucha cellulose sample A, B , C, and Dare shown
in figure 4. Surface C, 0 , Na, and Cl elemental analysis % (w/w) composition data of
purified kombucha cellulose samples A, B, C, and D from Energy Dispersive

X-ray

Spectroscopy (EDS) is shown in Table 3. TI1e sample with the highest purity D showed
wider homogeneous regions of cellulose fibrils and the least amount of dark patches due
to impurities. The surface analysis in Table 3 showed the presence of significant amounts
of sodium on the surface of all purified cellulose samples, accumulated on the sutface
during the sodium hydroxide washings. The two samples, B and D treated with sodium
hypochlorite, showed trace amounts of chlorine on the surface as well.

4.3. Analysis of Pyrosis Kombucha Cellulose D
The purified kombucha cellulose D was cut into small pieces, about 100mg, then
put into the Ultra-high temperature resistant glass tube and purified under different
temperatures. The Raman spectroscopic clearly show that after pyrosis, the residues are
changed to graphene oxide. It has two peaks-D band and G band. D band appeared at
approximately 1320 cm-1 and G band at approximately 1575 cm-I.

4.4 Proposed Pathway For the Transformation of Kombucha Pellicle Cellulose to
Grapbene Oxide
At the beginning of heating, the Kombucha pellicle cellulose reacts with water and
formed glucopyranoside (C6Hl 106), and it will continue heat-and developed glucose. At
400 °C, the glucose will change to furan carboxylic acid and continue to fonn Furoin.

28
Because the Furoin has carbon-carbon double bond C=C, the e double bonds reacted with
each other through cycloaddition reaction, and then the graphene oxide was formed. See
Figure 15.
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Figure 15. Transformation of Kombucha Pellicle Cellulose to Graphene Oxide
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5. CONCLUSION AND FUTURE WORK
Conclusion
The researcher compared four simple and scalable methods for the purification of
the cellulosic matrix formed as a byproduct in the kombucha tea fermentation process. The
purification methods tested involved repeated washings with 1.0 M aq. Sodium hydroxide
and bleaching using hydrogen peroxide or sodium hypochlorite. The method using two
initial LO M sodium hydroxide washings at 90 °C and bleaching with 1.5 % sodium
hypochlorite for 2h was identified as the most effective technique, which produced the
purified cellulose sample with the highest Leucometer whiteness value of 81.4±4.8. In
summary, It was shown that sodium hydroxide washings and dilute sodium hypochlorite
treatment can be applied for the purification of bacterial cellulose from kombucha SCOBY
pellicle formed as a waste product in the kombucha tea fermentation industry.
The researcher also pyrosis the purified cellulose sample under different
temperatures 600/700/800 degree and analysis show-that the residues changed to graphene
oxide.

Future Work
For the residues over 800 degrees, the preliminary test showed the electron
conductivity, which is one of the basic properties of the graphene. But this needs further
study for the future to identify which type of graphene, single layer or multiple layer.
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